The extent to which females differ in their mating preferences has important consequences for the evolution of male sexual traits; yet, the way in which female mating preferences vary remains largely unexplored in most animal taxa. Even less is known about the implications of this variation to female fitness. Here, we examine the degree of between-female agreement in the mating preferences of the cockroach, Nauphoeta cinerea, and relate this variation to differences in female reproduction. Using a repeated-measures design, we mated a series of males sequentially to 5 different females. We found that females were largely in agreement in their mating preferences with a significant, albeit low (0.094 6 0.061), repeatability of male attractiveness as assessed by different females. This is surprising given that females experienced a consistent reduction in offspring production when mating to more experienced males and suggests that females have a limited ability to detect male mating history. This cost may, in part, be offset by a longer gestation time when mating with more experienced males, which is known to extend female longevity in this species. There appears to be good reason for females to agree in their mate choice in this species. Across males, we found a significant negative correlation between male attractiveness and gestation time, suggesting that females actively discriminate against males that accelerate gestation. We discuss the implications of our findings to the operation of sexual selection in N. cinerea.
F emale mate choice is a potent driving force behind the evolution of male sexual traits (Andersson 1994; Andersson and Simmons 2006) . However, sexual selection is generated by variation among males in mating success, and this variation can change over space and time (Shuster and Wade 2003) . The extent to which females of a species vary in their mating preferences will have important effects on the strength of sexual selection (Shuster and Wade 2003) . For example, if females consistently differ in their mating preferences, the variance in male mating success will decrease and the strength of sexual selection can be considerably weaker (Shuster and Wade 2003) . Furthermore, differences in mating preferences between females can also alter population dynamics through the effects that variance in male mating success has on effective population size (Anthony and Blumstein 2000; Shuster and Wade 2003; Quader 2005) .
There are a number of reasons why females may differ in their mating preferences (Jennions and Petrie 1997; Widemo and Saether 1999) . First, intrinsic differences among females may alter their mating preferences. For example, female age (e.g., Gray 1999; , mating experience (e.g., Bateman et al. 2000; Pitcher et al. 2003 ) and condition (e.g., Hunt et al. 2005; Fisher and Rosenthal 2006) are known to influence mating preferences in a number of species, most likely by altering the time and energy costs associated with expressing choice (Jennions and Petrie 1997) . Furthermore, mating preferences may differ with female phenotype due to constraints associated with the detection and processing of male sexual signals (Jennions and Petrie 1997; Widemo and Saether 1999) . For example, frequency tuning in the cricket frog (Acris crepitans) is negatively correlated with female body size leading to size-assortative mating in this species (Ryan et al. 1992) .
Second, females may differ in their underlying reason for choosing a mate. For example, if females are seeking males that are most compatible with their own genotype (Tregenza and Wedell 2000; Mays and Hill 2004) , male attractiveness will be specific to the assessor and there should be a low level of agreement across females in their mating preferences (Forstmeier and Birkhead 2004) . Conversely, if females are seeking males that possess ''good genes,'' all females in the population should prefer the same males resulting in strong between-female agreement in mating preferences (Forstmeier and Birkhead 2004) .
Finally, female preferences for individual males may vary if male attractiveness changes over time and/or across matings. It is well documented that a male's attractiveness can vary over his lifespan (reviewed by Brooks and Kemp 2001) . However, male attractiveness can also vary on a much shorter timescale. For example, mating with a large number of females can make males sperm depleted (e.g., Preston et al. 2001; Harris and Moore 2005) , decrease the quality of their nuptial gifts (e.g., Wedell and Ritchie 2004; Torres-Vila and Jennions 2005) , or increase the risk of carrying sexually transmitted diseases (e.g., Knell 1999; Thrall et al. 2000) . Conversely, males of some species include manipulative substances in their ejaculates that are harmful to females (Fowler and Partridge 1989; Chapman et al. 1995) , and depletion of these substances may make mating with experienced males less costly for females. If females are able to evaluate male mating history and adjust their mate choice decisions accordingly (Harris and Moore 2005; Ivy et al. 2005) , the attractiveness of a given male will vary predictably across matings leading to a low level of agreement between females in their mating preferences.
In the cockroach, Nauphoeta cinerea, male attractiveness depends on female assessment of a male-produced sexual pheromone (Moore 1997; Moore AJ and Moore PJ 1999) . Females use a threshold mating tactic and respond more quickly to the courtship of attractive males Moore PJ 1988, 1999) . Whereas males mate with as many females as they can attract, females only ever mate once per clutch and often only once in their lifetime, although some females remate between successive clutches (Roth 1964; . Male mating history, however, has important implications for female fitness. Males become temporarily sperm depleted if they mate at a high rate, and female fecundity suffers as a direct consequence (Montrose et al. 2004) . Accordingly, females actively discriminate against males that have recently consorted with a large number of females (Harris and Moore 2005) . Males also influence female fitness by manipulating the length of gestation. Female N. cinerea are ovoviviparous, retaining the fertilized eggs in a brood pouch until parturition. The pheromone blend of some males has been found to accelerate gestation (Moore et al. 2003) . Males benefit from this manipulation because it reduces the probability that females will remate between successive clutches, thereby ensuring that they sire any subsequent offspring (Moore et al. 2003) . Females avoid mating with manipulative males because a shortened gestation time reduces female longevity (Moore et al. 2003) .
Despite the vast number of reasons to expect the attractiveness of individual males to vary, the extent to which females actually agree (or disagree) during mate choice remains largely unexplored in most animal taxa ( Jennions and Petrie 1997; Widemo and Saether 1999) . Even less is known about how this variation in mating preferences influences female fitness ( Jennions and Petrie 1997) . Here, we use a repeatedmeasures mating design, where each of 5 different females assessed the attractiveness of a given male, to examine the degree of between-female agreement in the mating preferences of N. cinerea. In addition, we relate these differences in mating preferences to variation in female reproduction. This not only allowed us to examine the effects of male attractiveness on female reproduction across different males but also to examine how female reproduction varies with the attractiveness and mating history of a given male. We conclude by discussing our findings in the context of mate choice theory and the operation of sexual selection in this species.
METHODS

Cockroach husbandry
The cockroaches used in this study were derived from a population that has been maintained in the laboratory for over 50 years. The population is maintained on dry rat chow and water at 28°C under a 12:12 h light:dark photoperiod in multiple mass colonies consisting of many thousands of individuals, with gene flow among colonies enforced every few generations. Assessment of allozyme variation has shown that this population contains substantial levels of genetic variation (Corley et al. 2001) . Last instar nymphs were selected at random from the mass colonies, sexed, and placed in single sex colonies. When adults emerged, they were isolated in individual plastic containers with ad libitum food and water until their use in the experiment. Males were returned to their original container after each mating.
Mate choice trials
We staged all mate choice trials under red light in a 28°C constant room temperature during the dark phase of the 12:12 h light:dark photoperiod. A total of 45 males were mated sequen-tially to 5 virgin females each, with a 3-day interval between successive matings (n ¼ 225 mating trials). All males were virgin at the time of their first mating and were 10 days posteclosion. Likewise, all females were virgin and 10 days posteclosion at the time of mating. At this age, males have fully developed sexual pheromones (Moore et al. 1995) , and it is the optimal time for females to mate .
Matings were staged in rectangular plastic boxes (17 3 12 3 6.5 cm) containing no food or water. Males and females were introduced into the boxes, and their mating behavior continuously observed until they had copulated successfully. Two females refused to mate and were replaced with other females after 60 min. Courtship is initiated when the male raises his wings perpendicular to his body to expose the sternal glands that produce and emit the sex pheromones (Clark et al. 1997) . Females respond to male courtship by climbing onto the back of the male (Clark et al. 1997 ). This behavior is under female control and is necessary to achieve the stereotypic end-to-end mating position (Clark et al. 1997 ). These behaviors are distinct enough to allow an observer to record the timing to the nearest second. As has been done in previous studies on N. cinerea (Moore AJ and Moore PJ 1988 Moore 1990; Clark et al. 1997) , we used the time interval between these 2 behaviors as our measure of female preference. A female finds a given male more attractive if she requires less courtship to mount him. After copulation, each female was placed in an individual plastic box (11 3 11 3 3 cm) with food and water provided ad libitum. We monitored the boxes daily for hatching offspring. When clutches appeared, we counted the offspring resulting from each mating to obtain a measure of reproductive success. Gestation time was calculated as the interval (in days) between mating and parturition.
We examined the consistency of male attractiveness across different females (i.e., the degree of between-female agreement over male attractiveness-not the consistency of the mating preferences of individual females) as well as the consequences for female reproduction, using repeated-measures analysis of variance. Using the variance components derived from these models, we calculated the repeatability (R) of male attractiveness, gestation time, and offspring production, according to Becker (1984) :
where r 2 W is the between-male variance component and r 2 E is the within-male variance component. The standard error (SE) of R was calculated as described by Becker (1984) :
where k is the number of repeat measures per male (i.e., k ¼ 5) and n is the total number of males examined. In our mating trials, n ¼ 45 males. However, because not all matings produced offspring, this number is considerably reduced (n ¼ 21) for gestation time and offspring production. All analyses were conducted in SPSS (version 14.0) on logtransformed data to ensure a normal distribution. However, for ease of interpretation, untransformed data are presented in figures. All data are presented as mean 6 1 SE.
RESULTS
The consistency of male attractiveness across females
There was significant between-male variation in attractiveness (Table 1) , indicating that females, on average, found certain males more attractive than others (Figure 1a ). In contrast, the within-male variation in attractiveness was not significant (Table 1) , demonstrating that different females were largely in agreement when assessing the attractiveness of a given male across matings and that male attractiveness did not depend on male mating history ( Figure 1b ; Table 1 ). Accordingly, male attractiveness to different females was low but significantly repeatable (0.094 6 0.061). Taken collectively, these results suggest that although different females largely agree with each other in their mating preferences, the extent of this agreement is not particularly strong.
Gestation time
There was no significant between-male variation in gestation time (Table 2 ). There was, however, significant within-male variation in gestation time (Table 2) . This within-male variation occurred because gestation time increased with number of females that the male had previously mated with (Figure 2 ). Not surprisingly, gestation time was not repeatable across the 5 females mating to each male (R ¼ 20.095 6 0.048).
Previous work on N. cinerea has shown that females actively discriminate against males that accelerate their gestation (Moore et al. 2003) . In agreement with this study, we found a significant negative correlation between mean attractiveness and mean gestation time across different males in their first mating (r ¼ 20.332, N ¼ 45, P ¼ 0.03).
Offspring production
Male mating history had a significant effect on the risk of females failing to produce a clutch (v 2 ¼ 19.89, degrees of freedom ¼ 4, P , 0.001). The proportion of unsuccessful clutches were 1 out of 45 in the first mating (2.22%), 3 out of 45 in the second mating (6.67%), 4 out of 45 in the third (8.89%), 12 out of 45 in the fourth and fifth mating (26.67%). The probability of clutch failure in one or more matings, however, was unrelated to mean attractiveness of the male (logistic regression: Wald v 2 ¼ 0.040, N ¼ 45, P ¼ 0.84).
In matings that were successful, there was no significant between-male variation in the number of offspring produced (Table 3 ). There was, however, significant within-male variation in the number of offspring produced (Table 3) , with the number of offspring produced decreasing with the number of females that the male had previously mated with (Figure 3) . Consequently, the number of offspring produced by a given male was not repeatable across the different females he was mated to (R ¼ 0.058 6 0.082). The mean number of offspring produced by females mated to a given male was unrelated to his mean attractiveness (r ¼ 0.233, N ¼ 45, P ¼ 0.132).
DISCUSSION
Here, we show that when males of the cockroach N. cinerea were assessed by 5 different females across successive mating attempts, there was significantly greater variation between males than within males in their attractiveness to females. This finding provides a number of insights on how female mate choice operates in N. cinerea. First, it shows that females find some males in the population consistently more attractive than others. Second, it demonstrates that females largely agree on what makes a male attractive. However, although the repeatability of male attractiveness across females (R ¼ 0.094 6 0.061) was statistically significant, it was low suggesting that the extent of this agreement is not particularly large. Finally, it illustrates that females do not base their mate choice decisions on male mating history, at least over the time frame of our experiment. This is particularly interesting given that females mating with more experienced males suffer a direct cost, either through a higher probability of complete clutch failure or by producing fewer offspring if a clutch is successful.
There appears to be good reason why female N. cinerea prefer the same males. Previous studies on this species have shown that the components of the male sex pheromone that increase attractiveness (3-hydroxy-2-butanone) also influence the time it takes for offspring to develop from eggs to 
Mean time from wing raise to female climb (sec)
Figure 1
Mean (6SE) attractiveness (a) across different males and (b) with mating number. In both cases, time from wing raise to female climb is our measure of male attractiveness with a longer time between male display and female response, meaning that the male is less attractive to a female.
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Behavioral Ecology parturition (Moore et al. 2003) . Females actively avoid manipulative males that accelerate gestation because this has a negative effect on female longevity (Moore et al. 2003 ) and generate a female-biased offspring sex ratio . In contrast, males benefit from a shortened time to parturition because females with a short gestation period remain unreceptive to courting males and are therefore less likely to remate between successive clutches (Moore et al. 2003) . Our finding that gestation time is negatively correlated with male attractiveness further corroborates these findings and suggests that mate choice to reduce male manipulation is an important component of the mating system of N. cinerea (Moore et al. , 2003 . Repeatability estimates for female mating preferences vary considerably across species, ranging from as low as R ¼ 0.00 in the flour beetle Tribolium castaneum (Boake 1989 ) to as high as R ¼ 0.65 in the stickleback Gasterosteus aculeatus (Bakker 1993) . Although differences in sample sizes between studies is undoubtedly a large source of this variation (Forstmeier and Birkhead 2004) , repeatability estimates for female mate choice are known to vary temporally (e.g., Johnsen and Zuk 1995; Ligon and Zwartjes 1995) and even according to the specific apparatus used to assess female mating preferences (e.g., Kodric-Brown and Nicoletto 1997) . In our study, we cannot rule out that the low repeatability estimate for male attractiveness is partly a consequence of the way we quantified female mating preferences. Our measure of female preference is based on the amount of courtship required by a male to obtain mating. Thus, our measure encompasses all traits that contribute to male attractiveness in N. cinerea (e.g., sex pheromones, cuticular hydrocarbons, and courtship behavior). Consequently, more variance between females may be found for such a measure relative to those where only a single male trait is examined (often controlling for all other male traits) (e.g., Wagner et al. 1995) or appears to be most important in the mating system (e.g., Bakker 1993; Godin and Dugatkin 1995) . This would be particularly likely if females assess multiple cues during mate choice so that no single trait determines male attractiveness. Indeed, a recent study on zebra finches showed that although female mating preferences across females were significantly repeatable, the degree of female agreement was low (R ¼ 0.11) and no single male trait Males with one or more failed clutches have been excluded from the analysis. The sphericity assumption of a repeated measures ANOVA was violated and we therefore present Greenhouse-Geisser adjusted degrees of freedom for the within male analysis (Quinn and Keough 2002) . 
Mean gestation time (days)
Figure 2
Mean (6SE) gestation time (in days) of females in their first clutch when mating to the same males but with different levels of mating experience. Failed clutches have been excluded from the analysis. Table 3 Repeated-measures ANOVA model (Type III sums of squares) examining the variance in the number of offspring produced across different males and within the same male across five consecutive matings to different females. Males with one or more failed clutches have been excluded from the analysis. Type III sums of squares were used. The sphericity assumption of a repeated measures ANOVA was violated and we therefore present Greenhouse-Geisser adjusted degrees of freedom for the within male analysis (Quinn and Keough 2002) . was a strong overall predictor of male attractiveness (Forstmeier and Birkhead 2004) . More studies examining the repeatability of mate choice are needed, however, to test the generality of this pattern.
Source of variation
When mating with a male that had previously mated more than 3 times, females in our study suffered an increased risk of failing to produce a clutch, and when successful in producing a clutch, produced fewer offspring. This is likely to be the result of the depletion of viable sperm (Montrose et al. 2004) . While male fertility is typically restored to normal levels after 5 days without mating (Montrose et al. 2004 ), our study suggests that 3 days is insufficient for males to make a full recovery. Consequently, mating with a male during this recovery period comes at a substantial reproductive cost to females, particularly because females typically only mate once prior to the birth of their first clutch (Roth 1964) . Despite this cost, however, we showed that females do not discriminate between males depending on their prior mating history when males have 3 days between successive matings. This contrasts previous work on N. cinerea showing that females discriminated against males that had mated multiple times (Harris and Moore 2005) . This effect was not caused by mating per se as physical contact with females (but without mating) was sufficient to reduce male attractiveness, suggesting that females use chemical cues transferred from other females, such as cuticular hydrocarbons (Everaerts et al. 1997) , to assess male mating history. A likely reason for the difference between these studies is the time frame over which males were permitted to interact with females. In the study by Harris and Moore (2005) , attractiveness was tested immediately after the male had simultaneously interacted with 5 females over a 2-day period, whereas in our current study, there was a 3-day interval between successive matings. This suggests that the chemical cue used by females in Harris and Moore (2005) is likely to be short lived and may be dependent on the absolute number of females that the male has interacted with immediately prior to being assessed. This is largely consistent with the action of cuticular hydrocarbons that are often dose dependent in their effect and volatile (Wyatt 2002 ).
Our study also shows the potential for male mating history to have a positive effect on female reproduction. We found that gestation time increased consistently with the number of previous matings by the male. Females may benefit from this because female longevity is reduced with short gestation periods (Moore et al. 2003) . This may counter the negative effect of male mating history on female fertility and make it beneficial for females to mate with males even though there is still a risk that they have not regained full fertility. However, to obtain a more complete picture of the consequences for female fitness, further tests are needed that examine the effects of male mating history on the total number of offspring produced by a female in her lifetime.
Our findings have a number of important implications for the operation of sexual selection in N. cinerea. First, it has been suggested that the degree to which different females in the population agree in their mating preferences may provide important insights into the evolution of mate choice (Forstmeier and Birkhead 2004) . In particular, it has been argued that if females choose males based on good genes, then there should be relatively strong agreement between females in their mate choice decisions, whereas if the evolution of female choice is largely driven by genetic incompatibility, a low degree of agreement between females is expected (Forstmeier and Birkhead 2004) . However, the utility of this approach may be limited when, as appears to be the case in N. cinerea, it is more important for females to assess the direct costs associated with mating than to find the best genes for their offspring. The ubiquity of costly male manipulations and sexual conflict suggests that this may frequently be the case (Arnqvist and Rowe 2005) . Females would then be expected to have preferences influenced by the costliness of mating with males of a certain phenotype. This could lead to either uniform or varying preferences depending on whether the costliness of male manipulations varies between females. Consequently, caution should be taken when using repeatability estimates to infer the mechanisms underlying the evolution of female mate choice, particularly if done so in isolation from the direct fitness consequences of mate choice. A complete understanding of how mate choice evolves requires both an appreciation of how females agree in their mating preferences and the complex interplay between the direct and indirect costs and benefits of exerting these preferences (Kokko et al. 2002) .
Second, our results highlight the potentially complex effects that male mating history can have on female fitness. There will often be both negative (e.g., through sperm depletion) and positive effects (e.g., through reduced male manipulations) of mating with sexually experienced males. Although the attractiveness of male N. cinerea was affected negatively by consorting with females in an earlier study (Harris and Moore 2005) , our results suggest that it is restored quickly and that female assessment of recent male mating history has only a limited effect on variance in male mating success in this species. There is no reason to believe, however, that this will be the case in all mating systems. Future work should take this potentially important, yet largely unexplored, component of female mating behavior into account when studying the evolution of female mate choice (Harris and Moore 2005; Ivy et al. 2005) .
Finally, even though our repeatability estimate for male attractiveness suggests that the intensity of sexual selection operating on male traits is not likely to be strong, it nevertheless indicates that it is persistent. Theoretically, persistent sexual selection is expected to erode the genetic variance that exists in male attractiveness (Kirkpatrick and Ryan 1991) . However, high levels of additive genetic variance has been maintained in male attractiveness (Moore 1990) , as well as the male sex pheromones, which are a major determinant of attractiveness in this species (Moore 1997) . One mechanism that may explain the maintenance of genetic variation in these male traits is balancing sexual selection (Moore AJ and Moore PJ 1999) . In N. cinerea, the same 3 male sex pheromones (3-hydroxy-2-butanone, 2-methylthiazolidine, and 4-ethyl-2-methoxyphenol) are involved in both female mate choice and male-male competition (Moore 1988; Moore AJ and Moore PJ 1999) . The most attractive pheromone profile differs from that which confers high status to males (Moore AJ and Moore PJ 1999) . Dominant males still enjoy a relatively high mating success because they can bypass mate choice by physically excluding other rival males from mating ). More work is needed, however, to show that sexual selection in this species is purely balancing and thus capable of maintaining genetic variance. 
